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Abstract: An abrupt temperature change and a warming hiatus have strongly influenced the global climate. 
This study focused on these changes in Inner Mongolia, China. This study used the central clustering 
method, Mann-Kendall mutation test and other methods to explore the abrupt temperature change and 
warming hiatus in three different temperature zones of the study region based on average annual data series. 
Among the temperature metrics investigated, average minimum temperature (Thav) shifted the earliest, 
followed by average temperature (Tnv) and average maximum temperature (Tyay). The latest change was 
observed in summer (1990s), whereas the earliest was observed in winter (1970s). Before and after the 
abrupt temperature change, Thay fluctuated considerably, whereas there was only a slight change in Tay. 
Before and after the abrupt temperature change, the winter temperature changed more dramatically than 
the summer temperature. Before the abrupt temperature change, Tray in the central region (0.322°C/10a) 
and west region (0.48°C/10a) contributed the most to the increasing temperatures. After the abrupt 
temperature change, Tay in winter in the central region (0.519°C/ 10a) and in autumn in the west region 
(0.729°C/10a) contributed the most to the temperature increases. Overall, in the years in which temperature 
shifts occurred early, a warming hiatus also appeared early. The three temperature metrics in spring (1991) 
in the east region were the first to exhibit a warming hiatus. In the east region, Txay displayed the lowest rate 
of increase (0.412°C/a) in the period after the abrupt temperature change and before the warming hiatus, 
and the highest rate of increase after the warming hiatus. 
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1 Introduction 


According to the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate 
Change (IPCC), the increase in the surface temperature per decade for the period 1980-2010 was 
higher than at any time since 1850 (Shen and Wang, 2013), and this change has affected ecological 
systems, society, and economies. Measurements of climatic indicators recorded in ice cores, abyssal 
sediments, lake deposits, cave sediments, loess deposits, and pollen sediments provide strong 
evidence of abrupt climate changes (Cheng, 2004). Brulebois et al. (2015) reported that a range of 
techniques, such as Mann-Kendall (M-K) tests (Zhou et al., 2015), Pettitt tests (Zarenistanak et al., 
2014), and wavelet analysis (Ma and Li, 2003), have been applied to analyze sudden changes in 
hydrographic and climatic factors globally (Cui and Kump, 2015), including the northern 
hemisphere (Ai and Lin, 1995), Pacific Ocean (Leduc et al., 2009), Central Asia (Hu et al., 2016), 
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northeast Asia (Dong et al., 2016), arid regions in Northwest China (Chen et al., 2009), and the 
North China Plain (Lin et al., 2013). These studies show that in the past hundred years, the global 
climate has experienced three major abrupt temperature changes: one in the 1920s, one in the 1950s, 
and one from the late 1970s to early 1980s (Ai and Lin, 1995). The temperature abruptly changed 
in western Europe in the late 1980s (Brulebois et al., 2015). An extreme temperature change in the 
arid region of Northwest China was detected in 1986 (Chen et al., 2014), and temperature changes 
on the Tibetan Plateau that displayed spatial unconformity occurred in both the 1980s and 1990s 
(Lv et al., 2010). 

Scientists are particularly interested in whether the warming trend will continue after an abrupt 
temperature change in the global climate and whether a warming hiatus has actually occurred. Since 
peaking in 1998, no sign of an obvious increase in temperature has been detected, but rather a slight 
decrease in temperature has been recorded (Easterling and Wehner, 2009). The deceleration of 
global warming is more obvious in winter than in summer (Trenberth et al., 2014). Since 2000, 
global warming has slowed and even stopped (Easterling and Wehner, 2009). In the northern 
hemisphere, this warming hiatus is more evident in winter than in summer. The regions that have 
exhibited apparent temperature drops are Eurasia (Li et al., 2015), North America (Delworth et al., 
2015), and the north Atlantic (Li et al., 2016). The rates at which the temperature is decreasing in 
the northern hemisphere are greater than those in the southern hemisphere, and the temperatures 
have decreased more rapidly in winter than in summer (Kosaka and Xie, 2013). 

Previous studies have revealed the basic characteristics of the periodicity and shift in 
temperatures, which has enabled the preliminary identification of the years in which a warming 
hiatus occurred in some areas. Further research is needed, including detailed comparisons and 
analyses of various temperature metrics in different areas in typical arid and cold regions. 

This study focused on Inner Mongolia Autonomous Region (IMAR) using annual mean 
temperature, annual and quarterly average minimum and maximum temperature data collected from 
70 weather stations between 1951 and 2014. Based on the annual (quarterly) data of three 
temperature metrics, this research revealed the spatiotemporal variations of the timing of abrupt 
temperature changes and the warming hiatus, as well as the laws controlling the spatial and 
temporal characteristics of the values in each period before and after the abrupt temperature change 
and the warming hiatus. This study provides a reference to the climate change researches. 


2 Materials and methods 


2.1 Study area 


IMAR, covering an area of 1.18*10° km?, extends for more than 2400 km from east to west and 
more than 1700 km from north to south in northern China (Fig. 1). IMAR is located in the 
transitional zone between the area with cold, arid and semi-arid climate and the southeast coastal 
regions with semi-humid and humid monsoon climate (Sun et al., 2010). The winter is long and 
cold whereas the summer is short and warm. This region is an ecologically sensitive zone (Xiao et 
al., 2016), and as the impacts of climate change have gradually intensified, the temperature, 
precipitation, and other climatic factors have undergone considerable changes in recent years. The 
changes have in turn altered the ecological environment, water resources and animal husbandry 
practices of the region. A detailed study of the temperature changes and warming hiatus in this area 
could reveal the regional characteristics of temperature change, the differences in these changes, 
and the warming hiatus trends in different temperature zones. 


2.2 Data 


We selected seventy weather stations within and around IMAR. The monthly data collected at these 
stations include average temperature (Tnv), average minimum temperature (Thay), and average 
maximum temperature (Txay), with records dating from the establishment of these stations to 2014 
(http://data.cma.cn). The data are reliable and representative of regional climatic conditions. After 
interpolation, a unified annual (monthly) data series from 1951 to 2014 was generated, and 27.1% 
of the site-specific data sequences relative to the uniform period from 1951 to 2014 were complete 
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before interpolation. It was found that 70% of the sites were missing data in 1951, 1952-1955, 
1956-1960 and 1961—1970, and absent stations accounted for 67.1%, 35.7% and 2.9% of these 
data, respectively. Additionally, 1.4% of sites were missing data in other years (e.g., 1991). 
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Fig.1 Locations of the meteorological stations used in this study. IMAR, Inner Mongolia Autonomous Region. 


2.3 Methods 


The reliability of the data was tested. It was found that none of the temperature metrics monitored 
by these weather stations exhibited obvious or random changes, and the dataset was relatively 
uniform. 

The missing data were interpolated by a regression analysis (sites with similar topographic and 
geomorphological conditions were identified and the strongest data correlations were selected), and 
a unified sequence (months) from 1951 to 2014 was generated. The formula for the determination 
of the correlation coefficient was as follows: 


o En- -7) 
Pry — =, 
Ene- 04-7) 


Where px is the correlation coefficient for variables x and y; x; and y; are the monthly values of 
meteorological elements in year j; x and y are the average values of the meteorological 


(1) 


elements; and n is the number of samples. 

The distribution of climatic factors was obtained by adopting central clustering method to 
distinguish the climatic factors in the study region. First, a central station was selected. Then, the 
surrounding stations were analyzed, and a chi-squared distribution was applied to the results (Liu 
et al., 2012). The calculation was as follows: 

x? =2n>W, (G = C) f (2) 
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where n is the data sequence length; Wy is the cluster statistics; Cy is the distance coefficient; C is 
the maximum likelihood estimator of sample average; and ry is the correlation coefficient between 
the center point (k) and variables (j). If y7<y.3(P—2), these sites were considered significant at the 
0.05 significance level, and the sites could be divided into the same partition. Otherwise, the sites 
were refiltered or the area was expanded or shrunk until the test conditions were satisfied. 

The ordinary Kriging method and spherical semi variogram model in ArcGIS were used for 
spatial interpolation to calculate the regional average sequences of the partitions and climatic 
factors in different parts of the region. First, the parameters were obtained by a data analysis of a 
known site. These parameters were set as defaults and applied to the subsequent spatial 
interpolation. Then, the regional mean sequence was calculated by applying a mask to different 
Environment for Visualizing Images (ENVI) regions. 

A M-K non-parametric test was used to examine the temperature shift. The calculation was as 
follows: 
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where UF; approximately obeys the standard normal distribution, dx is the cumulative number when 
the value of moment 7 is greater than moment j, E(dx) is the mean of the cumulative number, and 
var(d;) is the variance in the cumulative number. The above calculation was performed using 
MATLAB software when the intersection of the forward sequence statistic UF and backward 
statistic UB was located within the reliability domain. When there was only one intersection, the 
intersection was the mutation year. 

A least-squares criterion was adopted to determine the trends of all climatic factors and assess 
the saliency of the trends using an F test. The F test is an analysis of variance, and the formula for 
the correlation coefficient is as follows: 

S 
F= Ve (9) 


where Sı and Sz are the variances of two sets of data, respectively. Based on the degrees of freedom 
of Si and S}, we examined the F test table for n data samples. If F>Fo.05,v;,v2, the two groups were 
not significantly different. If F<Fo.05,vı,v2, the groups were significantly different. 

A five-year moving average method was used to further analyze the periodicity and variations 
of all temperature factors. 

The coefficient of variation (CV) was determined to denote the severity of each climatic factor. 
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3 Results 


3.1 Temperature zones 


Because this study covered a broad area, there was a spatial variation in temperature. For 
convenience, the study area was divided into three zones based on Tnv, Tnav and Txay. The west 
region (West) comprised the area to the west of Mandula—Siziwang Banner—Hohhot. The central 
region corresponded to the area to the east of Mandula—Siziwang Banner—Hohhot and to the west 
of Arxan Mountain—Solun—Ulanhot. The east region (East) consisted of the area to the east of Arxan 
Mountain—Solun—Ulanhot. The divisions are depicted in Figure 2. The annual average (seasonal) 
temperature sequence was calculated for each region. 
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N (f) Annual T w (g) Spring T y (h) Summer T w (Gi) Autumn Tw (j) Winter T 
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Fig.2 Three temperature metrics (annual and seasonal) for the various regions within the study area. Tnv, average 
temperature; Tnav, average minimum temperature; Txav, average maximum temperature. 


3.2 Analyzing the abrupt temperature change 


In the West, Tav changed at the annual, spring, summer, autumn, and winter scales in 1989, 1993, 
1996, 1991 and 1978, respectively (the sequence for continued warming and remarkable warming 
trends for the various years will be listed as follows: year, spring, summer, autumn, and winter, not 
chronologically). Before the abrupt temperature change, the temperature fluctuated considerably, 
with continued warming beginning in 1972, 1957, 1987, 1977 and 1972. Significant warming 
(confidence coefficient values exceeding a=0.05 according to the significance test; additional 
details are presented below) began in 2000, 2001, 2006, 1999 and 1990. In the central area, Tnv 
changed abruptly in 1988, 1985, 1996, 1992 and 1981. The Tnv values in the central area at the 
annual, spring, and autumn scales fluctuated slightly before the abrupt temperature change. 
However, the period of this fluctuation was comparatively short, and continued warming trends 
began in 1958, 1960, 1994, 1957 and 1975. Significant warming started in 1997, 1997, 2007, 1994 
and 1996. In the East, Tav changed abruptly in 1981, 1973, 1994, 1992 and 1971. Continued 
warming trends began in 1957, 1960, 1973, 1988 and 1956. In autumn and winter, although 
significant warming occurred later in the East than in the central area and West, it occurred earlier 
in other seasons and at the annual scale. 
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In the West, Tav in winter changed earlier than it did in the central area. Annual and seasonal 
temperature changes occurred first in the East, followed by the central area and West. Specifically, 
the abrupt temperature change in summer in the central area was in agreement with that in the West, 
whereas the change in autumn in the central area was inconsistent with that in the East. The 
continued warming trend began first in the East, except in spring and autumn; however, this change 
was detected earliest in the East in other years and seasons. Significant warming occurred earlier 
in the East, except in autumn and winter. 

In the study area, annual, spring, and winter temperature changes in the West, central area and 
East occurred increasingly earlier over time. The summer and autumn temperature change occurred 
earliest in the central area, followed by the East and West. The timing of the change in Tnay in the 
East was concurrent with that in the West. In summer, Tnav in the West fluctuated slightly before 
the abrupt temperature change, whereas in other years and seasons it fluctuated significantly. 
Continued warming began in 1958, 1958, 1981, 1951 and 1972. Significant warming began in 1998, 
1999, 2002, 1999 and 1998. The fluctuations in Thay in the central area and East before the abrupt 
temperature change were similar to those observed in the West. The continued warming in the 
central area started in 1958, 1958, 1952, 1963 and 1957. Continued warming at the annual (1957) 
and winter (1956) scales in the East began earlier than in the central area. Warming in spring, 
summer, and autumn occurred later than in the central area, starting in 1959, 1984 and 1982, 
respectively. Significant warming in the central area began in 1992, 1991, 1998, 1987 and 1989. In 
autumn, Thay in the East displayed a significant warming trend between 1994 and 1995 and a 
continued warming trend after 2004. Significant warming in other years and seasons started in 1994, 
1989, 1999 and 1991. 

The earliest change in annual and seasonal Txay values occurred in the East. In contrast, in the 
other two areas, the timings of the change in Txay in summer, autumn, and winter in the central area 
were late, with the changes in the annual and spring Txay values being the latest. The annual, spring, 
summer, and winter Txay values in the West fluctuated considerably during the 1950s and 1960s. 
The temperature in autumn before the abrupt temperature change generally fluctuated below zero 
degrees. Continued warming started in 1987, 1997, 1998, 1988 and 1986, whereas remarkable 
warming began in 2004, 2006, 2011, 2002 and 1997. The Txay values in summer, autumn, and winter 
in the central area shifted slightly before the abrupt temperature change. Continued warming began 
in 1988, 1961, 2000, 1994 and 1987, whereas remarkable warming started in 2004, 1999, 2007, 
2007 and 1998. The Txav values in the four seasons varied substantially in the East before the abrupt 
temperature change. Remarkable warming began in 1959, 1967, 1968, 1989 and 1971. Except in 
autumn (2013), remarkable warming in other years and seasons in the East occurred earlier than in 
the central area and West, including 1996, 1989 and 2006. 

The timing of Tav shifts was earlier than that of Tanav shifts in the East. In the other areas, Thay 
shifted the earliest, whereas Txay shifted the latest. Except for spring in the East, the Txay values in 
all four seasons in other areas shifted the latest. The Tnv, Tnay and Txay values in summer in the West, 
central area, and East shifted the latest, whereas the corresponding values in winter shifted the 
earliest. The gap between summer and winter was longest in the East, followed by the West and 
central area. 


3.3 Annual and quarterly temperatures before and after the abrupt temperature change 


The temperature shifts at annual and quarterly scales before and after the abrupt temperature change 
are shown in Figures 3-5. 

Figures 3—5 show that the three temperature metrics increased in all areas after the abrupt 
temperature change. The greatest mean increase occurred in Thay, followed by Tnv and Txay. The CV 
values before/after the temperature shift in the West, central area, and East were 0.078/0.069, 
0.184/0.123, and 3.849/0.64, respectively. The values of Thay before/after the abrupt temperature 
change were 0.996/0.288 (West), 0.237/0.582 (central area), and 0.103/0.124 (East), while the Txay 
values before/after the abrupt temperature change were 0.038/0.038 (West), 0.069/0.068 (central 
area), and 0.106/0.088 (East). Clearly, Thay in the central area and East shifted before the abrupt 
temperature change, and the same change occurred for Txav in the West. All temperature metrics 
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gradually increased and exhibited remarkable periodic fluctuations before the abrupt temperature 
change. All three temperature metrics exhibited upward trends prior to the abrupt temperature 
change. In the West, central area, and East, the shift in Txav failed to pass the significance test, 
whereas the other temperature metrics satisfied the F test in all areas (a=5%). The trends of Tnv 
before the abrupt temperature change in the West, central area, and East were 0.188/10a, 0.175/ 
/10a and 0.231/10a, respectively, while after the change they were 0.335°C/10a, 0.253°C/10a and 
0.275°C/10a, respectively. The values of Tnay before the abrupt temperature change were 
0.232°C/10a, 0.322°C/10a and 0.127°C/10a, whereas after the abrupt temperature change the 
values were 0.48°C/10a, 0.346°C/10a and 0.175°C/10a, respectively. Additionally, the values of 
Txav before the abrupt temperature change were 0.088/10a (West), 0.116/10a (central area) and 
0.123/10a (East) and were 0.181°C/10a (West), 0.152°C/10a (central area) and 0.061°C/10a (East) 
after the change. It was found that before and after the abrupt temperature change, Thay rapidly 
increased in all areas, with the fastest changes in the central area and West. Of the three metrics, 
Txav increased the slowest. There was a distinct increase in Ta in the East, Tnay in the central area, 
and Txay in the East before the abrupt temperature change. However, all three temperature metrics 
exhibited similar trends in the West after the abrupt temperature change. The rate of increase of 
Txay before the abrupt temperature change in the East was greater than that afterwards. The opposite 
behavior was observed for the temperature metrics in the other areas. 
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Annualy (quarterly) value 
Mean value of the periods before and after the abrupt temperature change 


— Five-year moving average 
| Demarcation lines indicating when the abrupt temperature change occurred 
| Demarcation lines indicating when the warming hiatus occurred 

—— Five-year moving average line before the abrupt temperature change 

—— Five-year moving average line after the abrupt temperature change 


Sa Trend lines before and after warming hiatus 


Fig.3 = Inter-annual temperatures before and after the abrupt temperature change and warming hiatus 
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— Annualy (quarterly) value 


Mean value of the periods before and after the abrupt temperature change 


Five-year moving average 


Demarcation lines indicating when the abrupt temperature change occurred 


—— Five-year moving average line before the abrupt temperature change 


Demarcation lines indicating when the warming hiatus occurred. 


—— Five-year moving average line after the abrupt temperature change 


----- Trend lines before and after warming hiatus 


Spring and summer temperatures before and after the abrupt temperature change and warming hiatus 
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Five-year moving average 


Demarcation lines indicating when the abrupt temperature change occurred 


Demarcation lines indicating when the warming hiatus occurred 
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Fig. 5 Autumn and winter temperatures before and after the abrupt temperature change and warming hiatus 
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The results indicated shifts in Tnv and Txay in spring, summer and autumn all three temperature 
metrics in winter in the West were more intense before the abrupt temperature change than after it. 
In winter, the three temperature metrics changed dramatically in the central area, whereas Tnay and 
Txav in spring, summer, and autumn changed less dramatically before the abrupt temperature change. 
In the East, Tnay in spring and winter and Txay in summer shifted less substantially after the abrupt 
temperature change than before it. The three temperature metrics in autumn changed slightly before 
the abrupt temperature change. The above analysis shows that the temperature shifted more 
severely after the abrupt temperature change, which partly explains why the temperature changed 
more rapidly after the abrupt temperature change. The temperature changes in other areas exhibited 
the opposite trend in all seasons. Generally, Thay in spring, summer, and autumn changed the most, 
followed by Tnv, and Txay. In winter, the opposite trend was observed. In all areas, both before and 
after the abrupt temperature change, all temperature metrics in winter changed to a greater extent 
than in summer. 

The mean values of all temperature metrics were greater after the abrupt temperature change 
than before it in the West, central area, and East. Before and after the abrupt temperature change, 
the metric that displayed the greatest difference in the four seasons was Thay, followed by Try and 
Txav. In some areas, the opposite trend was observed. Before the abrupt temperature change, Tnv 
(0.82°C/10a) and Txay (0.628°C/10a) in spring in the East made the greatest contributions to the 
rising temperature. However, after the abrupt temperature change this role was attributed to the 
same metrics in autumn. In winter, Tnay (0.519°C/10a) in the central area contributed the most to 
the rising temperature before the abrupt temperature change, whereas afterwards the contribution 
from the same metric was greatest in autumn. Overall, Tnay contributed the most to the rise in 
temperature in all seasons before and after the abrupt temperature change, followed by Tnv and Txay. 
In all areas, the periodic fluctuation in temperature in all seasons was much smoother after the 
abrupt temperature change. 


3.4 Warming hiatus after the abrupt temperature change 


After the abrupt temperature change in the study area, a warming hiatus occurred between 1991 
and 2008 (Fig. 3; Table 1; Tı, the period before the abrupt temperature change; To, the period after 
the abrupt temperature change but before the warming hiatus; and T3, the period after the warming 
hiatus). The rates of temperature increase were all close to zero or slightly negative. On the 
interannual scale, Tny and Tnay in the West exhibited a warming hiatus after 2000, whereas Txay 
exhibited a warming hiatus in 1999. Table 1 shows that Txay was highest and Thay was lowest in the 
West in T2 and T3. Thus, Txay reacted substantially to both the abrupt rise in the temperature and 
warming hiatus. All temperature metrics declined after the warming hiatus. The rates of decrease 
of the annual Tnv, Tnav, and Txay values were lower than the rates of increase before the warming 
hiatus. The mean values in T2 and T3 indicated that although the temperature declined after the 
abrupt temperature change, the mean temperature in T3 was still higher than that in T2. Of the three 
metrics, the difference in the value of Txay was smallest before and after the warming hiatus, 
followed by Tnv. The greatest difference was detected for Tnav. 

The three temperature metrics in the central area displayed a warming hiatus in 2006. Of the 
three metrics, the trends in Txay were greatest before and after the warming hiatus, and had the 
greatest rate of decrease. The rates of decrease of the three temperature metrics in the central area 
in T3 were higher than the rates of increase in T2. Comparison of the values of the metrics before 
the warming hiatus and after the abrupt temperature shift revealed that Txav in the central area 
slightly decreased after the warming hiatus, whereas the other two temperature metrics increased. 

In the East, Tnay displayed a warming hiatus in 1992, while Tnv and Txay exhibited a warming 
hiatus in 2006. The rates of decrease of Tnv and Txay in T3 were higher than the rates of increase in 
T2. The rate of increase of Thay (1.709°C/a) in T2 was high before the hiatus, but it had the lowest 
rate of decrease (—0.143°C/a) of all three metrics after the warming hiatus. Conversely, the rate of 
increase of the annual Txay value was lowest in T2, and the rate of decrease was highest in T3. The 
annual Tyay had the most obvious reaction to increasing temperature, while the annual Tay had the 
most obvious reaction to decreasing temperature. The mean values of annual Thy and Thay after the 
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warming hiatus were higher than those before the warming hiatus. For Txav, the opposite was true. 

A comprehensive evaluation of the three temperature metrics in the West, central area, and East 
revealed that the climate trends of annual Tay in T2 were highest in the West, followed by the central 
area. The opposite pattern was observed for T3. The rate of increase of Tnay was highest in the east 
in T2, while the rate of decrease was highest in the central area in T3, The rise in Txay was most 
apparent in the East followed by the central area. The rate of decrease in the East was the highest 
in T3, Overall, the rate of increase of Txay in T2 was highest in the west, while the lowest value was 
found in the East. The rate of decrease of Txay in T3 was highest in the East, confirming that among 
the three temperature metrics in all areas, Txay reacted the most strongly to both the abrupt rise in 
temperature and the warming hiatus. 


Table 1 Trends of various temperature metrics in T2 and T3 (°C/a) 


i Ta (°C/a) Trav (°C/a) Txav (°C/a) 
Time Area 

To T; To T; Ty Ts 
West 1.140 —0.144 0.780 —0.023 1.915 —0.162 
Annual Central 0.535 —1.589 0.574 —1.356 0.850 -2.375 
East 0.526 —1.706 1.709 —0.143 0.412 -2.413 
West 2.634 —0.171 0.967 —1.636 1.164 —0.177 
Spring Central 1.132 —0.727 1.069 —0.670 1.443 —1.348 
East 0.833 —0.203 1.364 —0.129 1.286 —0.339 

West - = 7 z 7 = 

Summer Central = z z = . = 
East 0.777 0.255 - - 1.294 —0.712 
West 0.848 -1.109 1.009 -1.148 0.010 —1.045 
Autumn Central 0.855 0.971 0.386 —0.660 1.985 -2.118 
East 0.445 —0.092 0.013 —0.341 1.043 —0.358 
West 1.050 —0.693 1.340 —0.224 0.309 -1.263 
Winter Central 1.747 —0.268 1.240 —0.787 0.214 —0.964 
East 1.180 —1.042 1.433 —1.096 1.345 —1.227 


Note: -, no warming hiatus. Tny, average temperature; Thay, average minimum temperature; Txav, average maximum temperature; T), the 
period before the abrupt temperature change; Tz, the period after the abrupt temperature change but before the warming hiatus; and T3, 
the period after the warming hiatus. 


In terms of the season, all temperature metrics in all areas experienced a warming hiatus or even 
a cooling in various years after the abrupt temperature change, except in summer in the West and 
central area. However, Tnav in summer in the East did not exhibit this trend. Of the years that 
exhibited a warming hiatus in all three temperature metrics, this phenomenon was observed earliest 
in spring in the East (1991), followed by the central area (2000). The average summer temperature 
and average maximum summer temperature exhibited a warming hiatus in 2006. 

The timing of the warming hiatus in terms of Thay in autumn was later in the West (2008) than 
for all other temperature metrics in the other areas, where the warming hiatus began in 2006. A 
warming hiatus was detected for all three temperature metrics in all partitions in the 1990s, 
especially in 1997. The trends of all temperature metrics in Tz and T3 are presented in Table 1. In 
comparison, the fastest rate of increase among the metrics was found for Tnv in spring in T2 in the 
West, with the next fastest rates of increase being found for Txay in autumn in the central area and 
Tnav in winter in the East. The fastest rate of decrease among the metrics was found for Txay in 
autumn in the central area in T3 (—2.118°C/a), followed by Tnay in spring in the west and Tnv in 
autumn in the West (—1.109°C/a). In Tz and T3, the mean values of each type of temperature T3 
period in spring was higher than that of T2 period. Additionally, the greatest mean difference 
(0.93°C) in Thav was found in the East. Other than the mean temperature in autumn in the West and 
central area, which decreased after the warming hiatus and affected Txay, the mean values of all 
temperature metrics were higher in T; than in T2. The highest mean value of Tnv was found in the 
central area (0.39°C). The mean values of Txay in winter in the West and Thy in the central area and 


MA Long et al.: Abrupt temperature change and a warming hiatus from 1951 to 2014 in Inner Mongolia, China 


East in T3 were smaller than those in T2. For all temperature metrics in the other areas, the opposite 
behavior was observed. The mean difference in Tnay was the largest among the three metrics 
(0.65°C). 

In summary, the three temperature metrics in spring in the east exhibited the warming hiatus first, 
and the phenomenon was detected later in other areas. In the East, Tnv and Txay in summer exhibited 
a warming hiatus in 2006. In contrast, in the other areas, a warming hiatus was not observed and 
Thy and Txay exhibited upward trends. Based on the trends in the study area, the temperatures in 
most areas reflected a warming hiatus. However, this phenomenon was not completely reflected in 
the mean values of all temperature metrics in all areas. The mean values of all temperature metrics 
in the West, central area, and East displayed both increases and decreases; however, the magnitudes 
of these variations were small. 

Figure 6 presents the distribution of years in which the three temperature metrics in different 
areas exhibited a warming hiatus. The three temperature metrics increased at the spring, summer, 
autumn, winter, and annual scales. As shown in Figure 6, in years when the temperature changed 
early, the warming hiatus also occurred early. The abrupt temperature changes in the three 
temperature metrics mainly occurred between 1980 and 1995. The shifts in the three temperature 
metrics in winter in the West, central area and East were detected early (mostly between the 1970s 
and 1980s). In contrast, those corresponding to summer and autumn occurred later (mostly after 
the 1990s). The years with a warming hiatus mainly occurred after 1985 and were concentrated 
between 1997 and 2006. Trend lines of the three temperature metrics were plotted in a scatterplot 
of the abrupt temperature change and warming hiatus. The slope of Tnav (1.794) was found to be 
the highest, followed by those of Tnv (0.954) and Txay (-0.774). Thus, when the temperature metrics 
shifted in uniform years, the warming hiatus affected Thay latest, and the effect on Txay was observed 
earliest. 
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Fig. 6 Distribution of years showing an abrupt temperature change and warming hiatus 


4 Discussion 


A comprehensive analysis of the serial variations in Tnv, Tnav, and Txay in the West, central area and 
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East of IMAR between 1951 and 2014 revealed that all temperature metrics tended to increase both 
before and after the abrupt temperature change, except for some Txay values in the West, which 
displayed a slight but non-significant downward trend. The results indicate that temperature 
variations in most areas were synchronized with global warming, although in some areas they were 
not. Central Asia experienced temperature changes in the 1980s (Hu et al., 2016). The winter 
change occurred earliest in the farming-pastoral ecotone of north China in 1978 (1978), while the 
summer (1991) change lagged behind (Lin et al., 2016). There was an abrupt change in Thy in the 
four seasons in IMAR between 1953 and 2013. It has previously been reported that the winter 
temperature changed the earliest and the summer temperature changed the latest (Tian and Niu, 
2016), which was in agreement with the results of this study. The three temperature metrics in 
winter in southern China changed in the 1990s (Zeng et al., 2016), while Tnv in northern China 
displayed a warming shift over the past 57 years. The temperature in northeastern China shifted in 
1994, whereas temperatures in northern and eastern China shifted in 1997 (Wang et al., 2009). In 
arid and semi-arid regions of Northwest China, over the past 46 years, the temperature in autumn 
was reported to have shifted once between 1987 and 1988 (Chen et al., 2009). These findings differ 
from those found in this study. This difference may be attributable to the use of different numbers 
of stations, research methods, and/or time periods. After the abrupt temperature change, as the 
temperature rapidly increased, the weather primarily became dry and significantly affected the 
occurrence of drought (Ning et al., 2011). 

Regarding the underlying causes of abrupt temperature changes, previous research has 
investigated natural and human factors. The Arctic Oscillation (AO) is thought to be the main 
natural cause of these variations and mainly occurs in high-latitude areas (Thompson and Wallace, 
1998). Solar activity, ozone, and aerosols could also play a role in these changes (Ren et al., 2005). 
Human factors include the various greenhouse gases generated by human activities, such as CO2, 
which contribute to global warming (Kosaka and Xie, 2013), as well as increases in the population, 
urban development, and economic and social improvements. These factors can create urban heat 
island effects and contribute to rises and shifts in temperature. 

The temperatures in the study area continued to increase after the abrupt temperature change, but 
the overall rate of increase was close to zero or even negative between 1991 and 2008, indicating 
a warming hiatus. A global warming hiatus is the stagnation of remarkable rises in temperature or 
even a slight decrease in the temperature relative to the peak temperature, which was observed in 
1998 (Easterling and Wehner, 2009). One of the conclusions of this study was that in winter in 
some areas, the apparent cooling trend was in agreement with the findings of Chen et al. (2009), 
who reported that winter temperatures in tropical areas of the northern hemisphere exhibit a cooling 
trend. Furthermore, this analysis revealed that a warming hiatus occurred in autumn, spring, and 
summer in some areas. These findings are partly consistent with the conclusions of other 
researchers, who reported that Tay has displayed a warming hiatus worldwide. Additionally, the 
regional warming hiatus observed in China is consistent with the larger global trend. 

There are two main causes of this warming hiatus. The first comprises the action of solar activity 
(Svensmark et al., 2009), volcanic aerosols (Solomon et al., 2011), anthropogenic aerosols 
(Kaufmann et al., 2011) and stratospheric water vapor (Solomon et al., 2010). The second is natural 
variability, which includes the Pacific Decadal Oscillation (PDO) (Balmaseda et al., 2013), Atlantic 
meridional overturning circulation (AMOC) (Meehl et al., 2013) and the absorption of energy by 
the deep ocean (Liu and Sui 2014). The main cause is the influence exerted by the ocean. Guemas 
et al. (2013) first noted that increased absorption by the ocean contributed to a warming hiatus. 
Additionally, researchers have proposed that the warming hiatus is likely to be temporary and the 
cycle will not exceed 15 years (Kerr, 2009). Based on this theory, the observed phenomenon is just 
a small fluctuation in the overall long-term climate change (Karl et al., 2015). 


5 Conclusions 


This study involved a detailed examination of warming hiatus and abrupt temperature change 
processes in IMAR. The number of stations and the periods for which data were available led to 
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limitations in the analyses of long-term temperature trends and the causes of the overall warming 
hiatus. In the East, Tnv changed earlier than Thay at the annual (1981), spring (1973), and winter 
(1971) scales. In other areas, Thay changed the earliest, followed by Tnv and Txay. The three 
temperature metrics changed latest in summer (1990s), whereas the changes occurred earliest in 
winter (1970s). 

Before and after the abrupt temperature change: 

(1) the average annual temperature in the East fluctuated dramatically. In the other areas, Thay 
shifted the most and Txay changed the least. At the seasonal scale, the winter temperature changed 
more dramatically than the summer temperature. Additionally, the mean values of all temperature 
metrics in all four seasons in the West, central area and East were greater after the abrupt 
temperature change than before it. The greatest average difference was found for Thay followed by 
Thy and Txay. A few regions displayed the opposite trend. 

(2) Before and after the abrupt temperature change, Tnay increased the fastest of the three metrics 
at 0.322°C/10a (central area) and 0.48°C/10a (West). Before the abrupt temperature change, Tnv and 
Txay made the greatest contributions to the increasing temperature in spring in the east, whereas 
after the abrupt temperature change, Tav (0.504°C/10a (central area)) and Txay (0.508°C/10a (East)) 
in autumn made the greatest contribution. The largest contributions to the temperature increase 
were from Thay in winter in the East (0.519°C/10a) and in autumn in the West (0.729°C/10a). 
Additionally, periodic fluctuations became less intense after the abrupt temperature change. 

In the years when early temperature changes were observed, the warming hiatus also occurred 
early. The three temperature metrics in spring in the east exhibited a warming hiatus first (1991). 
The warming hiatus in autumn in the study areas occurred late, generally after 2006. In summer, 
Tnv and Txay in the East exhibited warming hiatus trends; however, this phenomenon was not 
observed in other regions. 

In the East, Txav (0.412°C/a) had the slowest rate of increase of the three metrics after the abrupt 
temperature change but before the warming hiatus, with a rapid decreasing trend after the abrupt 
temperature change (—2.413°C/a). Conversely, there was a rapid rate of increase in the average 
annual temperature (1.14°C/a) after the abrupt temperature change but before the warming hiatus, 
which became slightly negative (-0.144°C/a) after the abrupt temperature change. At the seasonal 
scale, the most rapid increase in the three temperature metrics was found for Tnv in spring 
(2.634°C/a) in the West after the abrupt temperature change but before the warming hiatus. In 
contrast, the most rapid decrease was found for Txay (-2.118°C/a) in autumn in the central area. 

The data used in the analysis were mean values determined for defined areas, and therefore 
regional heterogeneity could not be considered. These limitations certainly impacted the 
representativeness of the results.In future studies, the collection of additional meteorological station 
data, development of new theories and methods, and analysis of the features of abrupt climate 
change and the causes of warming hiatuses should enable sustainable development strategies to be 
designed and the future climate and environmental changes to be predicted. 
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